Objectives-The purpose of this study was to evaluate the global sphericity index (GSI) of the 4-chamber view and correlate the results with abnormal ultrasound findings.
S creening fetuses at risk for ventricular dysfunction of the fetal heart has focused primarily on alterations of the anatomy and size of the 4-chamber view, followed by further evaluation using pulsed Doppler ultrasound, speckle tracking, and other imaging modalities. [1] [2] [3] [4] [5] [6] However, recent studies have suggested that the shapes of the right and left ventricles and atrial chambers are abnormal when fetal growth restriction is present. 7 Because the fetal heart may adapt by altering the size of the atrial and ventricular chambers as well as increasing the thickness of the ventricular and septal walls in various disease states, this study was conducted to determine whether the global shape of the 4-chamber view was altered from an elliptical to a globular shape and the fetal conditions associated with this change. Therefore, this study evaluated the global sphericity index (GSI) of the 4-chamber view, which encompassed the atrial and ventricular chambers as well as the wall thickness of these structures ( Figure 1 ).
Materials and Methods
All patients signed a consent form allowing the use of images obtained during their examination. The University of California at Los Angeles Institutional Review Board approved the study protocol.
Ultrasound Image Acquisition Two-dimensional images of the 4-chamber view were obtained with a Voluson E10 ultrasound system (GE Healthcare, Milwaukee, WI) equipped with an RM6C transducer. Images of the 4-chamber view were optimized to enhance the borders between the blood pool, endocardium, and epicardium.
Identification of Ventricular End Diastole
Ventricular end diastole was determined by reviewing the frame-by-frame clip of the 4-chamber view until the first downward systolic motion at the junction of the annulus of the tricuspid or mitral valve occurred. When this frame was identified, the frame before this was chosen to represent end diastole, which corresponds to closure of the atrioventricular valves (see Supplement 1, which is a clip showing this technique).
Measurements of the Basal-Apical and Transverse Lengths
All measurements were performed by a single examiner (G.R.D.) with expertise in fetal echocardiography. The basal-apical length (BAL) was measured by identifying the longest length from the epicardial border of the posterior mid atrial wall to the apical epicardial border of the ventricles (Figure 1 ). The transverse length (TL) was measured orthogonal to the BAL from the epicardial borders at the widest part of the 4-chamber view (Figure 1) .
Computation of the GSI
The GSI was computed by using the following equation: BAL/TL. 7, 8 Control Group Two hundred control fetuses with gestational ages dating from first-or second-trimester ultrasound evaluation were examined between 20 and 40 weeks' gestation. The ethnicity of the patient population consisted of Asian (6%), white (66%), African American (6%), and Hispanic (22%) patients. The mean maternal age 6 SD was 32 6 6 years. The fetuses were not at risk for congenital heart defects or growth restriction and were free from ultrasound-detected malformations and growth disturbance at the time of the examination. 9 Three-second cine clips of the 4-chamber view were stored and exported to an offline cloud database (Tricefy, San Diego, CA). The files were retrieved for analysis using a Digital Imaging and Communications in Medicine image viewer (Escape Medical Viewer, Thessaloniki, Greece). Statistical Analysis for the Control Group Principles described by Altman and Chitty 9,10 and Royston and Wright 11 were incorporated to analyze cross-sectional data from the control group for the BAL and TL and the computed GSI (dependent variables) against independent somatic growth and age variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, and mean ultrasound-determined gestational age). To identify the best-fit regression equations, a statistical software program (NCSS version 11; NCSS, Kaysville, UT) evaluated 44 fractional polynomials. 12 The software allows the user to select the best-fit equation for the mean and standard deviation, with the latter derived from regression analysis of the scaled absolute residuals. [9] [10] [11] [12] The Shapiro-Wilk test was used to evaluate whether each data set was normally distributed. The equations for the predicted mean and standard deviation were used to compute the reference interval for the mean, 5th, and 95th centiles for the BAL and TL against the independent variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, and ultrasound-determined gestational age). The intraobserver agreement was computed by the Lin concordance correlation coefficient (NCSS 10) for 30 fetuses from the control population for the BAL and TL.
Study Group
Three hundred fetuses referred consecutively to a maternal-fetal medicine practice were prospectively examined between 17 and 39 weeks' gestation. Measurements of the BAL and TL from the end-diastolic 4-chamber view were obtained at the time of the ultrasound examination, and the GSI was computed. Abnormal ultrasound findings were tabulated on the basis of an estimated fetal weight below the 10th centile and at or above the 10th centile. The latter group was further stratified by the centile of the abdominal circumference (<10th and 10th centile).
Statistical Analysis for the Study Group
The GSI from the study fetuses was used to compute the Z score using an Excel spreadsheet (Microsoft Corporation, Redmond, WA) for the BAL/TL. The Z score was computed as follows;
1. Z score 5 measured value (BAL/TL from study group) -predicted mean value (BAL/TL from control group) / predicted SD (BAL/TL from control group) ; 2. Z score 5 measured value (BAL from study group) -predicted mean value (BAL from control group) /predicted SD (BAL from control group) ; and 3. Z score 5 measured value (TL from study group) -predicted mean value (TL from control group) /predicted SD (TL from control group) .
The centile for each Z score value was computed by the Normsdist function from the Excel spreadsheet. NCSS 11 statistical software was used to compute the following between fetuses with an abnormal GSI and abnormal ultrasound findings: prevalence, sensitivity, specificity, false-negative rate, false-positive rate, positive predictive value, negative predictive value, positive and negative likelihood ratios, and likelihood odds ratio.
Results
The intraobserver concordance correlation coefficient was 0.92 (P < .001) when measuring the BAL and 0.89 when measuring the TL (P < .001). Interobserver variation was evaluated for the correct placement of the BAL and TL in 30 fetuses between 2 examiners. The percentage of agreement was 100%. Regression analysis did not show a significant association between the GSI and the independent variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, ultrasound-determined gestational age). Table 1 lists the mean and standard deviation for the GSI as well as the 1st, 5th, 50th, 95th, and 99th centiles.
There was a significant association between the BAL and TL when regressed against the independent variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, and ultrasound-determined gestational age). The equations and graphic displays for the 5th, 50th, and 95th centiles for the BAL and TL regressed against the independent variables are provided as supplements 2 and 3. Figure 2 shows the GSI for BAL/TL for 300 study fetuses who were prospectively examined between 17 and 39 weeks' gestation. Table 2 lists the numbers used to compute the prevalence, sensitivity, specificity, falsenegative rate, false-positive rate, positive and negative predictive values, positive and negative likelihood ratios, and likelihood odds ratio for a GSI below the 5th centile associated with abnormal ultrasound findings (Table 3) . Fifty-five fetuses had an abnormal GSI, for a prevalence rate of 18.33%. The sensitivity was 96.36% (53 of 55). The specificity or true-negative rate was 95.92% (235 of 245). The false-positive rate was 4.08% (10 of 245) The false-negative rate was 3.64% (2 of 55). Table 4 lists the abnormal ultrasound findings grouped by the estimated fetal weight and centile of the abdominal circumference for those fetuses with an estimated fetal weight above the 10th centile. Stratifying fetuses by estimated fetal weight below 10 and above the 10th centile showed no significant difference between the groups for aneuploidy, cardiac dysfunction, and noncardiac malformations. However, there was a significant difference for an umbilical artery Doppler pulsatilty index (PI) above the 95th centile (27% versus 17.7%), a middle cerebral artery Doppler PI below the 5th centile (27% versus 0%), and an amniotic fluid index of less than 5 cm (36% versus 9%) between the groups. 13 Using the head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, ultrasound-determined gestational age as the independent variables, the BAL and TL Z scores were computed for the 55 fetuses with an abnormal GSI. The TL Z score higher than 1.65 (95th centile) was the only abnormal measurement in 40% (22 of 55). The BAL Z score lower than 1.65 (5th centile) was the only abnormal measurement in 44.64% (24 of 55). The BAL and Figure 2 . Distribution of the GSI in 300 study fetuses between 17 and 39 weeks' gestation. The blue circles indicate 53 fetuses with an abnormal GSI and abnormal ultrasound findings suggesting a globular-shaped heart. The red stars indicate 2 fetuses with an abnormal GSI and normal ultrasound findings. The red squares indicate 10 fetuses with a normal GSI and abnormal ultrasound findings. 16 (29) 5 (9) 11 (20) 3 (5.4) 5 (9) 8 ( DeVore et al-Global Sphericity Index of the 4-Chamber View Below the 5th Centile TL scores were between the 5th and 95th centiles in 14.55% (8 of 55), and both were abnormal in 1.82% (1 of 55). Figure 3 suggests that there was no clear pattern indicating whether the BAL was decreased or the TL was increased to alter the GSI in fetuses with abnormal ultrasound findings. A smaller BAL or larger TL was not significantly different between the groups of findings listed in Table 5 , except for those with cardiac dysfunction, in which the TL was above the 95th centile in 62.5% compared with a smaller BAL (25%). Figure 3 . A-F, Z scores for the BAL and TL for the 55 fetuses with an abnormal GSI. Forty percent of the fetuses had an abnormally increased TL; 43.64% had an abnormally shortened BAL; 14.55% had neither a longer TL nor a shortened BAL; and 1.82% had both shortened BAL and TL.
Discussion
Previous investigators have evaluated the size of the 4-chamber view of the fetal heart using several measurement techniques, which include the heart-to-chest ratio, circumference around the epicardial border of the heart, as well as the area of the heart. 14-20 Although these measurements are easy to perform and may detect an enlarged heart, they do not provide information regarding the sphericity of the heart imaged at the level of the 4-chamber view. In this study, the GSI is proposed as a screening tool when evaluating the 4-chamber view, since only those fetuses at risk for cardiovascular dysfunction may undergo a comprehensive fetal echocardiographic evaluation during a second-or third-trimester ultrasound examination. 7 Since the GSI encompasses the entirety of the 4-chamber view and does not identify which of the cardiac structures are altered when the GSI is abnormal, the examiner must further evaluate the heart to determine the underlying explanation for its abnormal shape. The first step would be to identify whether the TL is increased, suggesting dilatation of one or both atrial and/or ventricular chambers, or whether the BAL is foreshortened. Evaluation of the BAL and TL can be accomplished by comparing the values against independent variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, ultrasound-determined gestational age; Supplements 2 and 3). Depending on whether there are underlying fetal growth and/or structural malformations, the examiner can select which independent variable should be used to evaluate the BAL and TL. A calculator, in the format of an Excel spreadsheet, has been provided (Supplement 4) to compute the Z score and centile for the GSI, BAL, and TL.
Alterations of the geometric shape of the left and right ventricles have been reported in adult and pediatric patients as markers of cardiac dysfunction in which the ventricle appears to be flattened or rounded, depending on the underlying abnormality. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] One method used for evaluation of ventricular shape involves measuring the end-diastolic BAL and TL for the right and left ventricular chambers and computing the GSI using either BAL/TL or TL/BAL (Figure 4) . 8, 21, 35 Once an abnormal GSI was identified, the only group that showed a significant increase in the TL, thus leading to a more globular-shaped heart, was the group of fetuses with cardiac dysfunction (Table 5) , which was similar in fetuses with an estimated fetal weight below the 10th centile (27.7%) and above the 10th centile (29.5%).
Because of the spectrum of abnormal ultrasound findings identified in the study of 300 fetuses, an abnormal GSI strongly suggests that further testing is needed. These tests may include pulsed Doppler ultrasound of the umbilical and middle cerebral arteries, computation of the cerebroplacental ratio, as well a detailed fetal echocardiogram using the techniques listed in Table 6 . 1, 6, 7, 13, 17, [36] [37] [38] [39] [40] [41] The reason further studies may be warranted is because all of the abnormal findings listed in Table 4 were present in fetuses with estimated fetal weights above and below the 10th centile, irrespective of the centile of the abdominal circumference.
The strength of this study is that the GSI only involves computing the ratio between two linear measurements and therefore can be universally applied during the screening examination of the fetal heart. If the examiner remembers that a GSI of less than 1.08 is below the 5th centile for the BAL/TL, fetuses can be identified at the time of the screening The cardiac findings were as follows: dilated right ventricle (n 5 3), tricuspid regurgitation (n 5 1), and pericardial effusion (n 5 6). a P <.05.
examination. The limitations of the study would be that the prevalence of abnormal ultrasound findings in the study group is dependent on the types of referrals seen in a particular practice. In addition, larger studies are required to further evaluate the association between an abnormal GSI and abnormal Doppler findings in fetuses with an estimated fetal weight above the 10th centile, since fetuses in this category are at risk for adverse outcomes. 13 For the obstetrician who is performing the standard screening examination in the office environment, the number of fetuses with an abnormal GSI may be much less than observed in our study. However, because of the high positive predictive value of 96%, an abnormal GSI would suggest that further evaluation of the fetus is needed.
In summary, this study demonstrates that the GSI is a practical, easy-to-use screening tool for identifying fetuses with a variety of different abnormalities, irrespective of the estimated fetal weight. Since an abnormal GSI value is easy to remember (BAL/ TL < 1.08), the examiner can quickly perform the measurements and calculate the GSI. If abnormal, the examiner should evaluate the size of the BAL and TL as well as fetal anatomy more carefully to detect any underlying cardiovascular and noncardiovascular abnormalities as well as examine placental function using Doppler ultrasound. To assist in evaluation of the BAL and TL, an Excel calculator is available as 
